Globalization is motivated by the potential for cost reduction through access to lower labor costs, as well as by the potential for increased sales through access to new markets. A review of cost data indicates the potential savings related to labor as compared to the potential additional costs related to raw materials, shipping, and tariffs. A logistics cost model is then presented that considers purchase cost, shipping cost, inventory holding cost, order cost, and stock out cost subject to demand uncertainty. Four different design for manufacturing and assembly (DFMA) guidelines are then analyzed: 1) minimize total shipping costs, 2) source components globally, 3) standardize product platforms and modularize options; and 4) regionalize final assembly. The results of this case study indicate that global sourcing of components led to the most significant cost reductions, but that all guidelines were significant when considering logistics subject to uncertain demand.
provides the average wage across all manufacturing personnel for several different nations. As expected the manufacturing wages are highest in the most developed nations, and lowest in the least developed nations. With regard to China, the U.S. Federal Reserve estimated the annual salary of urban workers to be 6,850 Yuan per year in 2003, corresponding to an hourly wage of about $0.43; personal interviews with factory staff in 2005 indicate that the average hourly wage in China is about to $1.00, with engineering wages around $3.00 per hour. This also differs regionally, with highly developed regions near the coast sometimes approaching western wage levels, whereas the underdeveloped hinterland has very low wages and labor skills. 
Shipping
The cost of shipping miscellaneous goods via various methods from Hong Kong to Los Angeles is provided in Table 3 . The majority of cargo is sent via standard shipping containers that are adaptable to ocean, rail, and truck transportation [21] . While specifications can vary somewhat, a standard container is called a twenty foot equivalent unit or "TEU" with a maximum cargo mass and volume of 17,500 kg and 28 m 3 , respectively. For products that have a relatively low density, forty foot containers can be more economical with a maximum cargo weight of 24,000 kg and maximum cargo volume of 58 m 3 . Air freight is also available, with the cost per unit of mass exceeding the cost per unit volume. The costs of transporting cargo by truck and rail in the U.S. and China are also provided in Table 3 . [24] 1320 [25] Trucking (US) [22, 26] N/A 0.3/km 0.12/km Trucking (China) [27] N/A 0.1/km 0.04/km Rail (US) [26] N/A 0.07/km 0.03/km Rail (China) [27] N/A 0.02/km 0.008/km
2.3
Commodity Costs Some data for various commodities are provided below in Table 4 . It is observed that China has a significant advantage on all commodity prices except electricity. In China, there is a shortage of power generating facilities and so the Chinese government Preprint of: Kazmer, D., Roser, C., 2007. Analysis of Design for Global Manufacturing Guidelines, in: Proceedings of the ASME IDETC Design for Manufacturing Conference. Presented at the ASME IDETC Design for Manufacturing Conference, Las Vegas, Nevada, USA.
regulates a high cost of electricity in an attempt to reduce demand. For this reason, many if not most large manufacturers use on-site generators to increase the reliability and productivity of their operations albeit with increased emissions [28] . 
2.4
Operating Costs Some data are provided below. 
2.5
Tariffs The import duties for various items entering the US [34] and China [35] are shown in Table 6 . In principle, governments set tariff rates to control industry development. The data in Table 6 indicates that both China and the US generally assess higher duties on finished and technological goods than commodity components and raw materials. By comparison, the import duties for China are significantly higher than the US, but have been consistently declining over the past decade. 
COST/TIME ANALYSIS
Assume that there is an expected demand rate, , for a family of products subject to demand variation, , which may be assumed Gaussian or some other distribution. The goal of the analysis is to assess the total cost and lead time for the family of products that is globally sourced. Most products in a product platform have a similar design architecture and supplier network. As such, it is assumed that the cost and lead times of the different members of the product family may be analyzed in parallel with the same model structure and coefficients, albeit with separate demand rates,  i , and demand variances,  i .
3.1
Global Cost The cost models are extended from operations analysis for inventory control subject to uncertainty [36] . The demand rate and variance for a given component, j, can be estimated as:
where N ij is the number of j components required for product i, and m is the number of products in the product platform.
Purchase Cost
The annual purchase cost of a component or assembly is assessed as:
where  is the acquisition cost per unit, including the purchase and shipping costs, which is a function of the supplier, S, the order quantity, Q, and the shipping method, M. After purchase and transport, the products may be subjected to a tariff rate, , as previously discussed with respect to Table 6 .
Shipping Cost
The cost to ship a component or assembly is estimated as:
where C Air and C TEU are the cost models for air freight and ocean freight by TEU, M is the mass, V is the volume, and C Land is the additional cost for overland freight. Recent coefficients for the shipping cost models are provided in Table 3 . It can be observed that the ocean and air freight will dominate until overland distances exceed 2000 km for rail and for trucking in the US.
Inventory Cost
The cost of holding inventory can represent a significant portion of the product cost, especially when high cost components are shipped via ocean freight. In most inventory control systems, the order quantity, Q, and the reorder point, R, are selected to avoid inventory depletion. Given a demand rate, , and a lead time  from a supplier, S, with shipping method, M, the inventory holding cost for an item, j, is:
where h is the holding cost per unit. In many applications, the holding cost is assessed at the purchase cost of the component times an annual interest rate, which is usually between 15% and 50%, depending on the company policy and longevity of the component.
Order Cost
The cost of placing orders may be significant. The annual number of orders to be placed is:
For an order cost, K, the annual expected ordering cost is:
3.1.5 Stock Out Cost In the event of inventory depletion, there may be different penalties assessed dependent upon the nature of the depleted component. If the component, such as a fastener, can be readily acquired, then the penalty cost may, for example, include the 1) cost of purchasing the component from a different supplier at a higher cost, 2) the cost of expediting the acquisition of the component by personal transport or air carrier, and 3) the cost of overtime and other factory resources to make up for lost production time to meet the demand rate. If, however, the component is unique, then the shortage of the component will result in a shortage of the finished product. In this case, the penalty cost may include: 4) the loss in profit due to the lost sales as well as 5) the loss in future profits due to loss in goodwill or future sales.
The cost of inventory depletion is estimated as:
where p i is the penalty cost associated with a shortage in the supply of product i, and n i is the expected demand shortage in product i occurring per order cycle for component j. Assuming a Gaussian distribution in the demand of product i with a demand variance of  i , the expected demand shortage is:
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where L is the partial expectation function defined as:
It should be noted here that in a product family, demand rates ( i ,  i ) will vary by product member and give rise to different rates of demand ( j ,  j ) for the underlying components. Clearly, the supplier, S j , shipping method, M j , order quantity, Q j , and reorder point, R j , must be selected to provide a minimum total product cost without holding an excess of inventory in the supply chain.
3.2
Global Lead Time The lead time for ordering a component j is:
Here,  0 is the minimum lead time for the component given the supplier, S, and the shipping method, Γ. There is also a marginal term that increases the lead time based on the order quantity, Q, and the supplier production rate, . It should be noted that the same form of the lead time may be used for internal assembly operations. The total lead time for a product is:
where k is an index across the o critical jobs [37] in the project schedule required to produce the product family members.
DESIGN GUIDELINES
Some guidelines will now be provided with appropriate analysis. Consider the hypothetical design of a fourth generation gaming console for which a simplified assembly sequence is shown in Figure 1 . As shown, the product's manufacturing and assembly consists of:
A To exemplify the analysis, we assume these steps can be executed solely in the US and/or China. Some estimated costs and the associated mass and volume of the resulting components are provided in Table 7 . In this case study, the CPU can only be procured from the US while the peripherals can only be procured from China. These restrictions emulate the lack of component availability due to technological or cost limitations. Copyright © 2007 by ASME The expected demand rates and variances for the two products are provided in Table 8 ; subsequent analysis will assume that the penalty cost for a stock out is $100 per unit of unmet demand. The cost of placing an order is also set to $100, which is necessary to avoid the analysis driving the economic order quantity to 0. This order cost assumption has a small effect when order volumes are high and the price per component is set by contract. To assess holding cost, an interest rate of 30% is applied to the value of the inventory, which also equals the net profit margin of one seller of gaming consoles. 
Shipping Method
Assume that the supplier for a component is selected, and the price of the component is independent of the shipping method. Then a rule for shipping is that the shipping cost should be selected that minimizes the total inventory and shipping cost. While ocean freight is significantly cheaper than air, the previously described analysis will take the cost of long lead times into account by increasing the reorder point to account for demand uncertainty during the component's shipment.
Specifically, the optimal order quantity is:
To demonstrate the analysis for one component, let us examine the $4.00 housing made in China to be imported into the US. In this instance, the economic order quantity is:
The number of stock outs is, n(R) is effected by the lead time demand and the lead time demand variance as [38] :
The number of stock outs is a function of the reorder point, R. Economics dictates that the reorder point should be selected to balance inventory costs with penalty costs related to stock outs. This objective can be achieved by selecting the reorder point such that:
where F is the inverse normal cumulative distribution function of the critical ratio between the cost of holding inventory and the cost of stock outs. Iteration is required until the economic order quantity and the reorder point converge.
Using the previously described analysis with the data included in this paper, a comparison of ocean (TEU) and air shipping methods for the housing and CPU are respectively provided in Table 9 and Table 10 . In both cases, the use of air freight provides for a lower order quantity, reduced lead time, and hence reduced penalty costs. However, the preferred shipping method varies by component, and for a surprising reason. One might expect that the inventory holding costs make ocean shipping undesirable for high cost components, such as the CPU. However, the analysis demonstrates that the inventory levels in this case are dominated by the reorder point necessary to avoid excessive stock outs. As such, the inventory costs here due not determine the selection of shipping method. Instead, it is the high order quantity and long lead time of the ocean freight for the CPU that increases the penalty costs enough to make the air freight preferable as shown by the bottom line in Table 10 . The underlying reason is the scaling [38] of the demand and demand uncertainty with lead time, which can lead to a "bull whip" effect on supply chain inventories as elsewhere discussed in the operation research literature [16] . 4.2 Global Sourcing Assume a competitive market in which all competitors have access to the same network of characterized suppliers; the term "characterized" means that the performance and cost of the supplier components is known by the system integrators. Then, a rule for global sourcing suggests that components should always be sourced globally to provide minimum total product costs. While this rule suggests a pure cost basis for decision making, it is possible to include penalty costs to model the loss in profit due to potential adversities such as reduced product quality and lost sales volume due to selection of the low cost supplier. A properly developed economic model should suggest that the selection of a global supplier based purely on lowest component costs can be undesirable when:
 Long lead times incur high holding costs due to necessarily high reorder points (required to avoid lost sales due to demand variance);  Long lead times incur high penalty costs due to high uncertainty in demand (in which the previously high inventory was consumed and the sales channels were starved);  Lack of supplier control may permit the unintended disclosure of product specifications, product technology, or sales information to competitors; or  The technological capability or product quality of suppliers is uncertain, and this uncertainty may contribute to the commercial failure of the finished products.
The impact of global sourcing can be demonstrated using the case study. Figure 2 provides a graph of all the sourcing alternatives, as well as the graphs corresponding to "Made in the USA" and "Made in China." These latter two graphs are logical outcomes of supply chain designs that attempt to minimize cost, lead time, and inventory levels through the selection of available local suppliers. Applying the previously described analysis, the impact of global sourcing can be demonstrated using the case study. Here, the analysis was performed for all product mixes according to the demand schedule of Table 8 . It should be noted that when production of multiple products share components, the demand variance is pooled across the demand of all products per the moment matching method. Table 11 provides the logistics breakdown when all products are produced in the US; Table 12 provides similar data for the products made in China. It is observed that when the products are made in the US, the cost of all products is approximately 1.69 billion dollars, with the purchase cost of the products representing over 95% of the product costs. By comparison, the same products made in China would cost only 1.59 billion dollars, saving the original equipment manufacturer one hundred million dollars. Is should be noted that the fraction of the components' costs decreased due to significant increases in the inventory costs and penalty costs associated with the cost and delays of air shipping CPUs from the US and ocean shipping finished boxes back to the US. Even so, the decision to make the products in China would result in a 6% reduction in costs.
The above results and associated issues are highly representative of other outsourcing studies [39] . In this example, the cost reductions may not seem worth the added risk of implementing a global supply chain. In many cases, the component costs for parts made in China may be significantly less than what is suggested in this example. In other cases, the cost savings may be marginalized by fluctuations in currency or tariff rates. In yet other cases, the motivation for global sourcing may not be cost reduction but rather entry to foreign markets restricted by foreign corporations. In most large product development efforts, the decision to outsource will have political and tax ramifications. As such, the decision to globally source components has long term consequences, especially when capital expenditures are required to enable overseas manufacturing operations.
4.3
Standardization/Modularization Design for manufacturing guidelines suggest that standard components should be utilized when custom components do not add significant value. With respect to global manufacturing and assembly of products, components in a product platform should be standardized across different members of a product family. Differentiation of products in a product mix is often accomplished by:
 Low cost physical components to provide aesthetic differentiation or localization. Examples may include instruction manuals, face plates, etc.;  Higher cost physical components or modules to provide different levels of performance. Examples may include print cartridges for different print qualities in printers, engines/interiors in vehicles, etc.; or  Software modules to control electromechanical functions. Examples may include language selection, print density on printers, emission control systems on cars, etc.
There are several benefits to this approach. First, standardization of components across a product platform reduces the total number of components to be designed and thus the total development cost of all products. Second, the use of standard components allows higher quantities of fewer components to be purchased, which can result in volume discounts and also lower inventory management costs. Third, the use of standard components enables the pooling of demand variance across multiple products in the products platform mix.
The foregoing analysis can be used to analyze the effect of standardization on total product cost. Here the analysis assumes that there are four discrete products corresponding to products F1 and F2 being released to the US and China markets. The analysis will also assume that the cost of all components in the four products is the same as that of the previously described products that share components as specified in Table 7 . As such, this analysis focuses solely on logistics cost and does not consider changes in the product development cost or volume pricing. Table 13 lists the total cost of producing four discrete products, assuming a lead time of 1 week within China for the procurement of local components. This cost structure can be compared directly to the results of Table 12 corresponding to the two product mix with standard components. It is observed that the purchase costs of the components are identical, but the inventory and penalty costs have increased. The reason is that the disaggregation of the component demands has simultaneously resulted in lower weekly demand and a higher weekly order variance. At first, the total "bottom line" cost for the two different product platforms may seem insignificantly different. The are many arguments to the contrary, however. First, the difference is already over five million dollars, which is significant relative to the engineering expense. Second, these cost differences consider only the logistics costs and are truly conservative since they do not consider potential saving associated with the pooling of product development efforts or cost reductions due to volume discounts. Third, these results correspond to a lead time of only one week and the cost differences will increase significantly with increases in lead times; to quantify this effect, the lead times were varied in the analysis to obtain the results shown in Figure 3 . It is observed that costs increase and diverge since an increased lead time increase the demand uncertainty, the inventory reorder point, the inventory level, the inventory holding costs, and the penalty costs due to stock out. 
4.4
Final Regional Assembly In the previous examples, the product was assembled in either the US or China, and subsequently shipped as a finished good to the market where it was not produced. However, guidelines for mass customization suggest that the best product and supply chain design uses final assembly to provide mass customization and localization to the regional markets. Some of the typical customizations provided during final assembly include:
 Incorporation of physical modules that modify the performance of the product according to local market demands and/or government regulations;  Software programming to enable or disable product features, or to specify the language of the operating interface;  Bundling of the product with other region-specific products; and  Packaging and labeling of sealed boxes for regional distribution.
There are several advantages for regional final assembly. While not a requirement, the final assembly usually operates with a standard product platform into which modular options are integrated. As such, the first benefit of final regional assembly is the aggregation of demand for the product platform, which will tend to reduce purchasing and logistical costs. Second, the supply chain "tact time" and logistical costs can be significantly reduced when the product platform is shipped in high volumes and the lower cost (and hopefully smaller) product modules may be sent via air freight at relatively low cost. As a result, very large demand fluctuations across the product mix may be managed. Finally, the importation of lower cost components will usually reduce the tariff costs compared to the importation of finished goods for two reasons: a) the valuation of the components is less than that of the finished goods and so provides a lower basis for the application of the tariff, and b) the tariff rate on components is often lower than finished goods to encourage regional manufacturer development.
The analysis was again applied to estimate the cost reduction associated with regional assembly of the finished product. The results of the analysis are provided in Table 14 . Specifically, all product platforms with the exception of the CPU and peripheral options (E1 and E2) are made in China. Only those CPUs incorporated into the products to be released to China are shipped to China and incorporated with E1 and E2. The partially assembled product platforms are then sent by TEU to the US separately from peripheral options E1 and E2. The CPU and the peripherals are then assembled in the US for US distribution. The results of Table 13 can be compared to those of the previous analyses. It is observed that the costs associated with regional assembly are about fifty million dollars less than those costs associated with making the finished product in China as previously shown in Table 12 . The reduced costs stem from many sources, not including the purchase costs. In fact, the purchase costs increased due to the increase of four dollars per unit to perform step F of assembly in the US rather than in China (refer to Table 7 ). As such, the net cost savings are derived from:
 a $28,500,000 savings due to reduced inventory costs (associated with lower inventory levels and a lower value of the inventory due to exclusion of the CPU from the work in progress);  a $10,700,000 savings due to the lower penalty costs of stock outs (associated with the aggregation of the product platform and greater availability of lower cost peripherals E1 and E2);  a $7,700,000 savings due to lower shipping costs (associated with a) reduced volumes of air freight for the CPU, and b) lower TEU rates due to the lower cubic volume of the work in process as compared to a larger finished box); and  a $42,600,000 savings due to the elimination of import tariffs (associated with a zero tariff rate for components and a 4% tariff rate for finished electrical consoles).
CONCLUSION
This paper provided four guidelines directed to design for global manufacturing and assembly. Models of the logistical costs associated with global supply chains were developed, including the purchasing cost, inventory holding cost, the ordering cost, shortage cost, and tariff cost. A detailed analysis of the effect of each design guidelines was demonstrated for a hypothetical gaming console that could be produced domestically or overseas. A comparison of the cost savings associated with the four guidelines is provided in Figure 4 . 
Figure 4: Sourcing alternatives
It appears that the global sourcing is most important to reduce product costs, followed by regional final assembly, optimization of shipping methods, and standardization of components. In total, the total cost savings through application of the design for manufacturing guidelines approached approximately 20% of the total product cost. These savings are significant in both relative and absolute terms, especially since these cost savings will bring about proportionally greater increases in the profit margins of the sold products. Furthermore, the parameters in the case study are conservative and underestimate the potential savings associated with the application of these guidelines. For example, the global sourcing of components may provide much lower costs than those suggested in this study. As another example, the standardization of components can yield cost savings associated with increased sales volumes as well as reduced product development costs.
The presented case study is relatively simple compared to the typical product and supply chain designs. However, the described model provides useful decision support for product design and procurement engineers. While the presented concepts and models have existed in different research literatures for some time, this paper has integrated the techniques to assess the value of design for manufacturing guidelines. There is no significant barrier to the adoption of these methods by design and manufacturing engineers to actively optimize the product and supply chain designs. Indeed, it is foreseeable that future product development environments will have access to cost models and supplier databases, facilitating the optimization of global manufacturing during and after product development.
